Aims: Forests worldwide are subjected to increasing pressures from altered disturbance regimes, climate change, and their interactions. We resampled previously established vegetation plots to directly assess long-term vegetation dynamics in the forest understory of mixed aspen forests, including species diversity, distribution, and composition. landscape (all plots), ecotone (montane vs. subalpine), and seven forest "series" according to the classification presented in the original publication.
| INTRODUC TI ON
Ecosystems worldwide are experiencing climate-change-mediated shifts in plant species distributions, with significant impacts on local biodiversity, species composition, and ecosystem services (Pecl et al., 2017) . Knowledge of species elevation range shifts (Bretfeld, Franklin, & Peet, 2016; Kopp & Cleland, 2014; Lenoir, Gégout, Marquet, de Ruffray, & Brisse, 2008; Rumpf et al., 2018) , species dominance shifts (Harte & Shaw, 1995; Jägerbrand, Alatalo, Chrimes, & Molau, 2009) , and assembly of novel-communities (Williams & Jackson, 2007 ) is crucial to inform biodiversity models and develop efficient conservation and environmental protection strategies (Urban et al., 2016) . Highelevation environments are at higher risk of species redistribution as they are more insular and experience more rapid changes in temperature than environments at lower elevations (Pepin et al., 2015) . From 1953 to 2008, the upper montane and subalpine ecotone of the Colorado Front Range exhibited significant increases in annual mean temperatures of 0.17°C and 0.20°C per decade, respectively (McGuire, Nufio, Bowers, & Guralnick, 2012) . In addition to direct effects of altered temperature and moisture regimes on plants (e.g., drought stress), indirect effects associated with climate change can considerably affect a species' distribution. For example, eruptive insect outbreaks are aggravated due to additional annual breeding generations (Mitton & Ferrenberg, 2012) and reduced defenses of drought-stressed plants (Bentz et al., 2010) , thereby benefiting non-host species (Bretfeld, Doerner, & Franklin, 2015) . Furthermore, simulations hint at feedback effects between insect-induced overstory mortality and local climate (Wiedinmyer, Barlage, Tewari, & Chen, 2012) . Assuming compatible sampling protocols, resulting vegetation dynamics can be assessed directly through long-term monitoring and resampling of previously established plots (Damschen, Harrison, & Grace, 2010; Kopp & Cleland, 2014) . We resampled a subset of 89 plots from among 305 0.1 ha vegetation plots first sampled by Peet (1975 Peet ( , 1981 in Rocky Mountain National Park, Colorado in 1972 -1973 to assess changes in composition and diversity of vascular plants in the forest understory.
For this study we focused on forests that contained aspen (Populus tremuloides) in the initial sampling (Peet, 1978) , as aspen is the major deciduous tree species within the upper montane and subalpine ecotones of the Colorado Front Range and is considered a prime indicator of the impacts of climate change on forest growth (Rehfeldt, Ferguson, & Crookston, 2009) . Throughout most of the western range of aspen, aspen-dominated forests exhibit higher decomposition rates, nutrient availability, and soil moisture (Buck & St. Clair, 2012) , and harbor higher herbaceous biomass in the understory as compared to co-occurring coniferous forests (Légaré, Paré, & Bergeron, 2005; Stam, Malechek, Bartos, Bowns, & Godfrey, 2008) . In southeastern California, plant species richness and diversity in aspen-dominated habitats are significantly higher than in conifer-dominated habitats and are decreasing with succession towards coniferous forests (Kuhn, Safford, Jones, & Tate, 2011; McCullough, O'Geen, Whiting, Sarr, & Tate, 2013) . Within Rocky Mountain National Park, aspen habitats exhibit the highest vascular plant species richness and diversity among all upland habitat types (Peet, 1975 (Peet, , 1978 (Peet, , 1981 Stohlgren, Chong, Kalkhan, & Schell, 1997) . Thus, landscape-wide changes in aspen abundance are likely reflected in overall plant species diversity changes at the landscape scale. A recent decline of aspen throughout its southern distribution, dubbed "Sudden Aspen Decline", has been linked to drought and resulting xylem cavitation (Anderegg et al., 2012 (Anderegg et al., , 2013 (Anderegg et al., , 2015 Michaelian, Hogg, Hall, & Arsenault, 2011; Worrall et al., 2013) . Although overstory data from the same dataset as presented in this study show that there has been significant conifer encroachment over the 40-years span from 1972/1973 to 2012/2013 in plots previously dominated by aspen, density of aspen stems larger than 2.5 cm diameter at breast height (DBH; measured at 1.37 m) and aspen basal area have not changed significantly at the landscape scale (Bretfeld et al., 2016) . Moreover, dendrochronological data suggest that mature aspen are potential beneficiaries of reduced competition from widespread, insectinduced conifer mortality (Bretfeld et al., 2015) .
There are several other reasons to suspect as responsible for changing understory composition in aspen forests. Compared to other forest types, aspen habitats are among the most heavily invaded forests by non-native plant species (Chong, Simonson, Stohlgren, & Kalkhan, 2001 ). Non-native species spread at the landscape scale has been potentially further aggravated by selective mortality of coniferous overstory trees due to bark beetles and the resulting opening of the canopy. Moreover, increased nitrogen deposition due to human activities is altering species composition in forests of the Colorado Front Range (Baron et al., 2000) , potentially leading to a decline in plants adapted to lower nitrogen levels and soil acidity (Vitousek et al., 1997) . Further, a general upward shift of most overstory tree species hints at climate change as a potential driver of changes of species distributions in and around Rocky Mountain National Park (Bretfeld et al., 2016) . Lastly, locally intense ungulate herbivory has likely suppressed aspen regeneration and understory growth, especially in the winter ranges of elk within Rocky Mountain National Park (Kaye, Binkley, & Stohlgren, 2005; Suzuki, Suzuki, Binkley, & Stohlgren, 1999) .
The aim of this study was to assess long-term changes in understory diversity and composition at three different spatial scales: landscape-wide, ecotone, and forest community type. We hypothesize that (a) landscape-wide understory species diversity in forests containing aspen has not decreased, in line with relatively persistent aspen abundance in the landscape, and that (b) non-native and invasive species abundance has increased primarily in beetle-affected forests due to these species' ability to disperse effectively following disturbances. In addition, we assess significant shifts in understory community composition and hypothesize that (c) forests heavily affected by bark beetles exhibited significant changes in species composition. Lastly, we quantified altitudinal changes in species distributions, hypothesizing that (d) species moved upslope similar to observations in other long-term studies (Brusca et al., 2013; Kelly & During 1972 /1973 , Peet (1975 , 1981 Plant communities were delimited by (Peet, 1975 (Peet, , 1981 ) using a hybrid of indirect and direct gradient analysis (Whittaker, 1967) . The final presentation used elevation (from topographic maps and altimeter readings) and topographic/moisture (derived from records of aspect and slope, and subjective estimates of site conditions) as the two primary axes for representing community variation. Based on these gradients, eight vegetation "series" and 29 community types were identified (Peet, 1981 ; Supporting information Appendix S1).
| ME THODS

| Data collection
During 2012/2013, a subset of 95 of the original 305 plots of Peet (1981) that originally contained aspen were selected to be resampled. In 1972/1973 locations were recorded as accurately as possible on USGS topographic maps, and data were recorded as to slope and aspect. Locations of these 95 plots (11 aspen-dominated, 84 containing aspen) were transferred from the original topographic maps into a GPS unit (Montana 600, Garmin Ltd., Olathe, KS, USA).
After reaching the marked location, abiotic factors (slope, aspect, rock cover) and woody species composition as previously recorded were compared with local characteristics to reassure accurate plot location. If abiotic factors at the site did not match with previous data, the surrounding area was searched in a 150 m radius (based on original asserted plot location accuracy) for matching topography and site characteristics. In two justifiable cases, the search radius from the original location was deliberately increased. A total of 89 plots were sampled while six plots were not sampled as a result of changes in land ownership, land use, or uncertainty of exact plot location. Except for two plots (plot 31 was burned in 1999 and plot 292 was subject to a thinning treatment in 2006), no plots were subject to disturbances known to the authors other than bark beetles.
Resampling followed the Carolina Vegetation Survey protocol (CVS-Peet, Wentworth, & White, 1998; Peet et al., 2018) at the highest sampling depth (level 5). The CVS protocol was developed to maintain maximum comparability to other widely-used methods (Peet et al., 1998) , including the Whittaker method that was utilized for the original sampling, and ensures comparability to future sampling efforts. The CVS protocol is a modular approach, with ten 10 m × 10 m sampling units (modules) following a 50 m center line (five on each side) resulting in a 20 m by 50 m rectangle. The center line was laid out perpendicular to the slope as in Peet (1981) .
In four modules (i.e., intensive modules), the presence of species smaller than breast height (1.37 m) was recorded in nested subquadrats (0.01, 0.1, 1.0, 10 m 2 ) in two corners each, and for the entire module (100 m 2 ). All other modules (i.e., residual modules)
were searched for additional species that were not present in the intensives (presence/absence in full 0.1 ha plot). In 19 plots, fewer than ten modules were used due to newly-established trails in the plot, standing water, deviations of aspect/slope from the original data set, or to match the plot size of the original sampling. In four plots, fewer than four intensive modules were established. Site characteristics recorded include aspect, slope, substrate depth, and percent cover for organic debris, rock, and water. Each plot was GPS-documented, and photographs were taken at the plot origin (at 0 m on the center line). sub-sample sizes in these four plots. Resulting frequency values were used to calculate Shannon and Simpson diversity indices (Peet, 1974) and evenness (Pielou, 1966) , whereas assessments of changes in species distributions and exotic species spread were based on presence/absence in the entire plot.
| Data compatibility
| Data analysis
For this study, vegetation dynamics were assessed at three different spatial scales to account for topographic influences and site-specific responses nested within regional patterns (Malanson et al., 2011): all plots combined (landscape scale), per ecotone [montane and subalpine; 2,100-2,700 m and 2,700-3,500 m, respectively, based on Hess and Alexander (1986) ], and per series (forest type)-the latter based on the original classification by Peet (1981) . Of the 89 plots, 37 fell into the montane (<2,700 m) and 52 into the subalpine (>2,700 m) elevation range (Hess & Alexander, 1986) . Of the seven forest series sampled in this study (Table 1) , analysis for two series was limited to descriptive statistics due to low sample sizes (series A with two plots and series E with one plot). In contrast, analyses at the ecotone and landscape scale provide ample sample size for robust statistical testing. All statistical comparisons were limited to vegetation data from 1 m 2 sub-plots to ensure highest comparability resulting from identical sampling areas.
Changes in taxonomic richness, evenness, and diversity indices (Shannon and Simpson) were statistically assessed using WilcoxonSigned-Rank tests, and linear regression was used to test for a relationship between changes in diversity indices and elevation. Taxonomic turnover was assessed by calculating the proportion of lost and new taxa from among the total taxa per plot. Relative taxonomic turnover per plot was calculated from the proportion of gained (i.e., taxa that
were previously not present in a plot) and lost taxa (i.e., taxa that are no longer present in a plot) compared to the total number of taxa present in that plot. A total turnover value per plot was calculated from the sum of these proportions. To assess elevation range shifts, the median elevation for each species that was present in at least 10% of the 1972/1973 plots (i.e., nine plots) was compared to the median elevation in the 2012/2013 sampling. Median elevation was calculated from the elevations of plots in which its presence was recorded. A linear regression model was used to test for a relationship between initial median elevation and changes in median elevation and elevation range.
Changes in understory community Bray-Curtis dissimilarity composition were explored using non-metric multidimensional scaling (NMS; two axes) using the R-package vegan (Oksanen et al., 2017) and frequency data as input. (Benjamini & Hochberg, 1995; Pike, 2011) .
TA B L E 1 Average number of taxa (plus standard error) and total number of unique taxa found at landscape, ecotone, and series scales based on presence/absence in plots Notes. Series are sorted from containing highest to lowest number of total unique taxa. Ecotone and series scales also include number and proportion of taxa that were specific to that ecotone or series (i.e., not found anywhere else). Note that series A and E were only represented by two and one samples, respectively. Accordingly, series E does not have standard error estimate associated with the average number of taxa per plot.
| RE SULTS
| Diversity and distribution
Of 327 previously found vascular plant taxa, 254 (78%) were still present, whereas 73 were not found. An additional 67 taxa not previously found were identified, resulting in 321 taxa found in the 2012/2013 sampling and 394 taxa found when both data sets are considered (Supporting information Appendix S2). Number of taxa per series and proportion of series-specific taxa were similar between data sets (Table 1) Taxa that were gained or lost were present on average in 1.9
plots in 1972/1972 and 1.6 plots in 2012/2013. The majority of species found in either sampling were classified as perennials and forbs, with a net decrease in most groups except shrubs and trees (Table 2) . Relative species turnover was somewhat higher at lower elevations; however, this trend was not significant (Figure 1 ). There was a significant (before FDR adjustment) increase in evenness that drives increases in Shannon and Simpson diversity indices in the montane ecotone (Figure 2) . Changes of richness, evenness, or diversity metrics at landscape scale, in the subalpine ecotone, or in any series were non-significant.
Elevation had a weak but significant effect on changes in 
| Exotic species
We identified a total of 18 exotic plant species across both data sets, including seven classified as noxious in Colorado ( 
| Community assessment
Shifts in understory community structure are evident for mesic mon- 
| D ISCUSS I ON
| Diversity and distribution
To assess long-term changes in understory vegetation in montane and subalpine forests containing aspen, we resampled 89 plots originally established in 1972/1973 by Peet (1981) . While we acknowledge that it is unlikely that exact locations were resampled as permanent markers were not permitted in the park, we feel confident that our sampled plots are within 150 m of Peet's original plots based on comparison of local site characteristics (aspect, slope, slope position, ground cover). The validity of our comparison is further supported by Kopecký and Macek (2015) , who have shown that resurveys of historical plots are robust to plot location uncertainty.
The hypothesis of no change in understory species diversity at the landscape scale was supported by our data. All plots had aspen present in the initial sampling in 1972/1973 and one initial motivation of this study was to test whether changes in aspen basal area or stem density relate to changes in understory species diversity.
Although studies in Utah and Quebec link higher species diversity observed under aspen to underlying surface deposits and soil (Légaré, Bergeron, Leduc, & Paré, 2001; Warner & Harper, 1972) , other studies have shown that aspen increase soil moisture, nutrients, and decomposition rates (Buck & St. Clair, 2012) , generating more fertile soils and thus promoting higher biodiversity.
Since neither landscape-wide understory diversity (this study) nor landscape-wide aspen basal area or density of stems larger than 2.5 cm DBH have exhibited significant change in the Colorado Front
Range over the past 40 years (Bretfeld et al., 2016) , we could not test for a relationship between changes in aspen abundance and understory diversity. Although plant diversity has been shown to decrease with progressing succession towards coniferous forests (Kuhn et al., 2011; McCullough et al., 2013) , no changes in diversity metrics were detected in our data (Figure 2c (2013) found that for a 10% increase in relative conifer abundance, species richness decreased by one species. No such relationship was found in our data. In addition to different climates between studies, the overall decrease in basal area in our plots potentially counteracts this trend.
Significant changes in diversity were detected at smaller spatial scales, most notably in lower-elevation plots and plots of the mesic montane forest series. This is reflected in our linear model results that detected a significant elevation effect on changes in diversity indices ( Figure 3 ) and shifts in species median elevations (Figure 4a ).
However, using elevation as the sole predictor expectedly yields a large proportion of unexplained variance in all models because elevation is used merely as a proxy for local temperature and moisture dynamics and does not accurately reflect actual local biotic interactions and abiotic conditions.
Observed elevational trends in species turnover and diversity changes agree with Rumpf et al. (2018) , who report greater species dynamics at lower elevations in the European Alps and attribute this trend to differences in species-specific thermal and nutritional demands. Although we did not group species based on their respective TA B L E 3 Number of plots with exotic and noxious species present at series, ecotone, and landscape scale Owing to recent bark beetle outbreaks, both Pinus contorta-and Pinus flexilis-dominated forests have undergone substantial decreases in basal area of the dominant overstory species (Bretfeld et al., 2016) . Observed trends of increasing species richness in these forests, despite being statistically non-significant, agree with Stone and Wolfe (1996) who report increased species richness and diversity in lodgepole pine forests affected by moderately severe beetleinduced mortality in the Wasatch National Forest, northern Utah.
This pattern is also consistent with decreasing species richness observed with increasing successional development and associated tree density of these forests in Rocky Mountain Park by Peet (1978) .
Another major disturbance in the montane and subalpine forests of this study is fire. Precise fire history data based on dendrochronological analysis was available for 43 of the 89 plots (Buechling & Baker, 2004; Sibold, Veblen, & González, 2006) . The average stand age of these plots was ~208 years since last fire at the time of resampling, with the oldest stand being 477 and the most recently burned stand 57 years old. Excluding plot 86 that burned in the 2012 Fern Lake Fire, no plots showed evidence of recent fire. Owing to different stand ages, varying typical fire intervals depending on their respective plant community, and the apparent lack of fires between samplings, it is likely that observed vegetation changes can in part be attributed to long-term plant community changes associated with natural succession (Peet, 1978) .
| Exotic species
Similar to our results, Stohlgren, Owen, and Lee (2000) report one or more exotic species in 42% of their plots in Rocky Mountain National Park. While the number of plots containing exotics has not increased considerably between the two data sets examined in this study, the total number of exotic species occurrences within plots has increased by 26% at the landscape scale ( 1972/1973 and 2012/2013 . No analysis was performed for series A and E due to small number of plots (N < 5). *Significant (α = 0.05, unadjusted).
pine forests (Griffis, Crawford, Wagner, & Moir, 2001 ) and salvage logging of beetle-killed lodgepole pine forest in north-central Colorado (Fornwalt et al., 2018) . Stone and Wolfe (1996) report that grasses benefited most from beetle-induced overstory mortality in northern Utah. Likewise, we found the strongest increases at the landscape scale in the exotic grasses Bromus tectorum and Poa pratense. Anemochorous species are likely beneficiaries of increased wind in forests thinned by bark beetles, allowing for more effective dispersal.
Varying levels of herbivory and elevated nitrogen deposition may have further aggravated shifts in composition in favor of nonnative species (Baron et al., 2000) . While signs of heavy ungulate browsing were observed in some plots, we did not specifically quantify browsing pressure. Although very few elk were observed during the original sampling, the elk population in the winter range (Zeigenfuss & Johnson, 2015) . The impact of these dynamics on species distribution remains subject to research and future resampling of long-term plots will be required.
| Community assessment
The hypothesis that forest community shifts are most evident in areas that were affected by extensive conifer mortality due to bark beetles, was not supported by our data. Significant shifts (after FDR adjustment) in community composition were detected only in mesic montane and Pinus flexilis forests, whereas heavily beetle-affected forests of the Pinus contorta series exhibited no significant difference. In our study, plots of the mesic montane and Pinus flexilis forests were predominantly located at the lower and upper boundary of the elevational gradient, suggesting an interaction between elevation and climate change as an important driver of plant community dynamics.
The increased convex hulls observed for Populus tremuloides forests suggest more dissimilarity within and more overlap between forest types and are an indicator of succession driving change ( Figure 5 ). Increased proximity of centroids further suggests a general homogenization among forests series over the 40-year timespan between sampling periods. Plots in the Populus tremuloides series were subjected to considerable conifer encroachment as part of natural succession (Bretfeld et al., 2016) but did not exhibit significant changes in understory plant composition. Although their plots were not subjected to significant conifer encroachment, Coop, Barker, Knight, and Pecharich (2014) report relatively stable understory plant community composition over a 46-year timespan (1964-2010) near Crested Butte, Colorado, despite considerable loss of overstory aspen. Our results further support that understory plant community composition in aspen-dominated forests is relatively resilient to aspen overstory changes, at least within the temporal scale and degree of overstory change observed in our study. 
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